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IB PNA FISH is a new fluorescence in situ hybridization (FISH) method using peptide nucleic acid (PNA) 
probes for differentiation between species of the Mycobacterium tuberculosis complex (MTC) and nontubercu- 
lous mycobacteria (NTM) in acid-fast bacillus-positive (AFB-H) cultures is described. The test is based on 
fluorescein-labelled PNA probes that target the rRNA of MTC or NTM species applied to smears <>f AFB+ 
cultures for microscopic examination. Parallel testing with the two probes serves as an internal control for each 
sample such that a valid test result is based on one positive and one negative reaction. TB PNA FISH was 
evaluated with 30 AFB-H cultures from Denmark and 42 AFB+ cultures from Thailand. The MTC-speciflc PNA 
probe showed diagnostic sensitivities of 84 and 97%, respectively, and a diagnostic specificity of 100% in both 
studies, whereas the NTM-speciflc PNA probe showed diagnostic sensitivities of 91 and 64%, respectively, and 
a diagnostic specificity of 100% in both studies. The low sensitivity of the NTM-specific PNA probe in the Thai 
study was due to a relatively high prevalence o{ Mycobacterium fortuitum, which is not identified by the probe. 
In total 63 (87%) of the cultures were correctly identified as MTC (n = 46) or NTM (n = 17), whereas the 
remaining 9 were negative with both probes and thus the results were inconclusive. None of the samples were 
incorrectly identified as MTC or NTM; thus, the predictive value of a valid test result obtained with TB PNA 
FISH was 100%. 



Tuberculosis (TB) is caused by infection with species of the 
Mycobacterium tuberculosis complex (MTC), in particular, M. 
tuberculosis, and is globally the most important cause of death 
from a single pathogen (11, 12). Laboratory diagnosis of TB 
relies on initial microscopic examination of sputum smears 
stained for acid-fast bacilU (AFB), the presence of which 
(AFB+) is the first indication of a possible M. tuberculosis 
infection (9). Patients with pulmonary TB in whom AFB are 
detected by sputum smear microscopy require priority atten- 
tion and are immediately started on antituberculosis therapy 
(5). The final diagnosis of tuberculosis requires differentiation 
of species of MTC from nontuberculous mycobacteria (NTM). 
Traditionally, this has been done by biochemical tests with 
cultures, which often take 4 to 6 weelcs for a definitive identi- 
fication. More recently, molecular technologies (8) have been 
implemented in an attempt to significantly shorten the identi- 
fication time. 

Peptide nucleic acid (PNA) molecules are pseudopeptides 
with DNA-binding capabilities. These compounds were first 
reported earlier in the 1990s in connection with a series of 
attempts to design nucleic acid analogues capable of hybridiz- 
ing, in a sequence-specific fashion, to DNA and RNA (3, 4). In 
PNA, the counterpart of the sugar phosphate backbone of 
DNA and RNA is a polyamide formed by repetitive units of 
i^-(2-aminoethyl) glycine. Bases are attached to this backbone 
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to provide a molecular design that allows PNA to hybridize 
(e.g., by specific base pairing) to complementary DNA or RNA 
sequences. The structure of PNA is shown in Fig. 1. The 
relative hydrophobic character of PNA (7, 10) compared to 
that of DNA makes PNA probes able to diffuse through the 
hydrophobic cell wall of mycobacteria under conditions which 
do not lead to disruption of the bacterial morphology (15). 
DNA probes have been described for in situ detection of my- 
cobacterium species but have never been appUed in a practical 
diagnostic test (2, 16). 

This paper describes a new molecular method (TB PNA 
FISH) based on PNA probes for concomitant detection of 
MTC and NTM by fluorescence in situ hybridization (FISH). 
The method combines the advantages of microscopy for deri- 
vation of morphological information with the target specificity 
provided by molecular technologies in a way which is easily 
adaptable to current microscopic techniques routinely used in 
the majority of clinical microbiological laboratories. 

The PNA probes target selected regions of mycobacterial 
16S rRNA sequences which allows distinction between MTC 
and NTM. Each mycobacterium cell contains, depending on 
the growth rate (6), hundreds to thousands of rRNA molecules 
(17), facilitating the detection of single cells by FISH with PNA 
probes for diagnosis of TB. 

MATERIALS AND METHODS 

Clinical specimens. A total of 30 consecutive AFB+ BACTEC 12B cultures 
from routine testing at the Department of Mycobacteriology, Statens Serum 
Institut, Copenhagen, Denmark, were included in this sttidy. In addition, 42 
AFB+ samples from a total of 200 sputum specimens consecutively received at 
the Department of Pathology, Clinical Microbiology Division, Ramathibodi Hos- 



2760 



' Vol. 37, '1999 



TB PNA FISH FOR CULTURE CONFIRMATION 2761 




DNA PNA 

FIG. 1. Chemical structure of DNA and PNA The PNAs consist of a polyamide backbone of Af-(2-aminoethyl) glycine units to which nucleobases are covalently 
attached. B indicates a nucleobase (adenine, cytosine, guanine, or thymine). 



pital, Bangkok, Thailand, were included. These specimens were cultured on 
Lowenstein-Jensen slants. 

Mycobacterium refer«nce strains. The Mycobacterium reference strains M. 
tuberculosis ATCC 25177, M. bovis BCG ATCC 35734, M. avium ATCC 25292, 
Af. intracellulare ATCC 13950, M. scrofulaceum ATCC 19981, M gordonae 
ATCC 14470, M. Icansasii ATCC 12479, M. abscessus ATCC 19977, M. marinum 
ATCC 927, M. simiae ATCC 25275, M szulgai ATCC 35799, M. flavescens ATCC 
23033, M fonuUum ATCC 43266, and Af. xenopi ATCC 19250 were used, and all 
strains except M. marinum were grown in Dubos broth at 37°C; M. marinum was 
grown at 30°C. Each strain was tested at least twice. 

Clinical isolates of respiratory bacteria. Corynebacteriiim spp., Haemophilus 
influenzae, Klebsiella pneumoniae, Pseudomonas aeruginosa, Propionibacterium 
acnes. Streptococcus pneumoniae. Staphylococcus aureus, Branhamella catarrhalis, 
Escherichia coli. Neisseria spp., Acirietobacter calcoaceticus, Enterobacter spp., 
Proteus mirabilis, Xanthomonas maltophUia, and Nocardia asteroides were grown 
on rich medium (blood agar, brain-heart blood agar, or chocolate agar). Two 
f clinical isolates of each species were tested. 

Selection of probe sequences. Sequence processing was done with computer 
software from DNASTAR (Madison, Wis.). Alignments of mycobacterial 16S 
rRNA gene (rDNA) sequences were done with the Megalign (version 3.12) 
alignment to<jL Up to 100 sequences were aligned at a time. 

PNA probes were designed with due regard to secondaiy structures. Probe 
sequences were optimized in this respect with the PrimerSelect (versipn 3.04) 
program (DNASTAR). As a control for sequence specificity, all probe sequences 
were subsequently matched with sequences in the GenBank and EMBL data- 
bases by using BLAST (1) to detect sequence similarity; the search was per- 
formed at the National Center for Biotechnology Information web site (9a). 

Synthesis of labelled PNA probes. PNA probes were synthesized at DAKO 
A/S on an Expedite 8909 Nucleic Acid Synthesis System (PerSeptive Biosyslems, 
Framingham, Mass.). The PNA oligomers were terminated with either two 
P-alanine molecules or one lysine molecule, and before cleavage from the resin 
the oligomers were labelled with 5(5)-carboxyfluorescein at the ^-amino group of 
p-alanine or the e-amino group of lysine. The probes were purified by reverse- 
phase high-pressure liquid chromatography at SOX and were characterized with 
a G 2025 A MALDI-TOF MA instrument (Hewlett-Packard, San Fernando, 
Calif.). The molecular weights that were determined were within 0.1% of the 
calculated molecular weights. 

FISH. Smears were prepared by standard procedures (9) and were stored at 
4°C in foil bags with desiccants for a maximum of 2 months before use. Prior to 
hybridization, smears were immersed in 80% (voVvol) ethanol for 15 min and 
were subsequently air dried. Two smears of each sample were covered with 
approximately 20 (lI of the fiuorescein-labelled MTC-specific PNA probe (100 
nM) or the lluorescein-labelled NTM-specific PNA probe (25 nM) in a hybrid- 
ization solution containing 10% (wtAfOl) dextran sulfate (Sigma Chemical Co., St. 
Louis, Mo.), 10 mM NaCl (Merck, Darmstadt, Germany), 30% (volA'ol) form- 
amide (Life Technologies, Gaithersburg, Md.), 0.1% (wt/vol) sodium pyrophos- 
phate (Merck), 0.2% (wtA-ol) polyvinylpyrrolidone (Sigma Chemical Co.), 0.2% 



(wt/vol) Ficoll (Sigma Chemical Co.), 5 mM disodium EDTA (Merck), 0.1% 
(vol/vol) Triton X-100 (Serva, Heidelberg, Germany), and 50 mM Tris-HCl (pH 
7.5). To avoid unspecific binding of the labelled PNA probes, I (iM nonlabelled, 
nontarget PNA probe was included in the hybridization solution. Samples were 
covered with coverslips (No. 1; Menzel, Braunschweig, Germany) in order to 
ensure an even coverage of the smears with the hybridization solution and to 
minimize evaporation. Finally, the slides were placed in a moist chamber and 
were incubated for 1.5 h at 55°C. Prior to use, the equipment and solutions that 
were used were treated so as to be RNase free (14). 

Following hybridization, the coverslips were removed and the slides were 
submerged in freshly prepared, prewarmed 5 mM Tris-15 mM NaCl-0.1% 
(vol/vol) Triton X-100 (pH 10) in a water bath at 55°C and washed for 30 min. 
Subsequently, the slides were washed and cooled to room temperature by brief 
immersion in HjO and were air dried. 

The smears were finally mounted with 1 drop of IMAGEN Mounting Fluid 
(DAKO, Glostrup, Denmark), covered with coverslips (No. 1; Menzel), and 
incubated for 30 min at 55°C. The slides were stored for a maximum of 2 weeks 
before microscopy. 

Microscopic examinations were conducted with a fluorescence microscope 
(Leica, Wetzlar, Germany) equipped with a X 100/1.30 oil immersion objective 
(Leica), an HBO 100-W bulb, and an FTTC/Texas Red dual-band filter set 
(Chroma Technology Corp., Brattleboro, Vt.). Mycobacteria were detected on 
the basis of bright fluorescence and morphology (1- to lO-iim slender, rod- 
shaped bacilli). Mycobacteria of the NTM group may also appear to be pleo- 
morphic, ranging in appearance from long rods to coccoid forms. 

Smears of cultures from clinical specimens were prepared at Statens Serum 
Institut and Ramathibodi Hospital. Each culture was tested once. FISH and 
microscopic examinations were carried out at DAKO A/S, and FISH with smears 
of cultures of clinical respiratory isolates was carried out at Ramathibodi Hos- 
pital. 

Interpretation of test results. By using the two PNA probes in parallel hybrid- 
ization reactions, the identification of the analyzed sample as MTC or NTM 
positive is recognized as a positive reaction with one probe and a negative 
reaction with the other probe. The results for double-negative samples as well as 
double-positive samples are inconclusive and should be reported as "not iden- 
tified." Thus, the final outcome of the test is reported as either MTC positive, 
NTM positive, or not identified. 

Controls. Smears of M. tuberculosis otM. bovis and of M. avium orM. kansasii 
grown in Dubos medium were included in every assay run as controls. 

Identification of mycobacteria. The AccuProbe Mycobacterium identification 
kits (Gen-Probe, San Diego, Calif.) were used for identification of MTC and 
NTM at the Department of Mycobacteriology, Statens Serum Institut. One 
isolate was identified by amplification of gene fragments coding for 16S rRNA 
and direct sequencing of the amplified DNA fragments (13). 

Niacin strips (Difco) were used for the identification of M. tuberculosis at the 
Department of Pathology, Ramathibodi Hospital. M. fortuitum isolates were 
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NH,-CTTAGa&AT-TTTCGG-Ly3-FlU-H 

iiiiiiiii mill 

UUAAGCGAAUCCUUA-AAAGCCGOUCUCASUUCGGAUCGG 
UUASGCGflAUCCUUA-AAAGCCGGUCUCAGUUCGGAUCGG 
UUAAGCGAAUCCUlffiQAAAGCCG(@CUCAGUUCGGAlfiteG 
UUAAGCGAAUCCUl Ul HAAGCCGGUCUCAGUUCGGAl ICG 
UUAAGCGAAUCCm Ul HAftGCCGCQrUCAGUUCGGAiyGG 
UUAAGCGAAUCCUl Ul &AAGCCGGUCUCAGUUCGGAUCGG 
bUAAGCGAAUCCUl Ul ^AAGCCGGUCUCAaUUCGGAUCGG 
UUAAGCGAAUCCUl Ul iAAGCCGGUCUCAGUOCGGAUCGG 
UUAAGCGAAUCCUl uJaAAGCCGGUCUCAGUUCGGAUCGG 
UUAAGCGAAUCCUl uPaAAGCCGGUCUCAGUUCGGAUCGG 
UUAAGCGAAUCCUl lAIaaagccggucucaguucggaucgg 

UUAAGCGAAUCCUl Ul AAAGCCOOUCUCAGUUCGGAUCGG 
UUAAGCGAAUCCUl Ul AAAGCCGGUCUCAGUUCGGAUCGG 
UUAAGCGAAUCCUl 3C AAAGCCGGUCUCAGUUCGGAUCGG 
RGCGAAUCCUt U( AAAGCCGGUCUCAGUUCGGAUCGG 
flGCGAAUCCUl U( AAAGCCGGUCUCAGUUCGGAUCGG 
GCGAAUCCigy^RAAGCgSGUCUCAGUUCGGAigSG 



" HH.-CGGTCGCCCATTACG-Ala-Ala-Flu- 

lllllllllllllll _ 
CCUUGUCUCAUGUUGCCAGCGGGUAAUGCCGGGGACUCGU 

CCUUGUCUCAUGUUGCCAGCG(3GUAAUGCCGGGGACUCGU 

CCUUGUCUCAUGUUGCCAGCGGGUAAUGCgSGGGACUCGU 

CCUUGUCUCAUGUUGCCRGCGGGUAAUGCCGGGGACUCGU 

CCUUGUaJCRUGUUGCCAGdAaOUAAU^aGGGGACUCGU ■ 

CCUUGUCUCAUGUUGCCAGC AC 3UAAUC Gl^GGGACUCGU 

CCUUGUCUCAUGUUGCCAGC^gGUAAUqGySGGGACUCGU 

CCUUGUCUCAUGUUGCCAGCGGGUAAUGCCGGGGACUCGU 

CCUUGUCUCAUGUUGCCAGCGGGUAAUGCCGGGGACUCGU 

CaJUGUCUCAUGUUGCCRGCg53UAAU(^gGGGGACUCGU 

CCUUGUCUCAUGUUGCCAGCGGGUAAUGCCGGGGACUCGU 

CCUUGUCUCAUGUUGCCAGCGGGUAAUGCCGGGGACUCGU 

CCUUGUCUCAUGUUGCCAGCGGGUAAUGCCGGGGACUCGU 

CCUUGUCg»UGUUGCCAGdAaGlSAUa30pGGGACUC^ 

CCUUGUCUCAUGUUGCCAGdAC 3iyAHdGlKGGGACUCGU 

CCUlfflUClflAUGUUGCCAGC^yGUAAUCgCGGGGACUCGU 

CCUUGUCgyAUGUUGCCAGCGGGUAAUGCCGGGGACUCGU 



TABLE 1. Results for control smears analyzed by FISH with MTC- 
specific and NTM-specific PNA probes 



M. tuberculosis 

M.bovis 

M. avium 

H.intraoellulare 

M.paratuberculosis 

M.scrofulaceum 

M. leprae 

M.kansasii 

M.gastri 

M.marinum 

M . gordonae 

M.simiae 

M.szulgai 

M . xenopi 

M. f lavescens 

M.forcuicum 

M.abscessus 



H 

M . avium 

M . intracellulare 

M.paratuberculosis 

M.scrofulaceum 

M . tuberculosis 

M.bovis 

M . leprae 

M.kansasii 

M.gastri 

M.marinum 

M . gordonae 

M. simiae 

M. szulgai 

M. xenopi 

M. f lavescens 

M. fortuitum 

M.abscessus 



FIG. 2. (a) Alignment of partial mycobacterium 16S rRNA sequences from 
tlie indicated species. Tlie sequence of M. tuberculosis rRNA included in the 
figure corresponds to positions 1224 to 1262 of GenBank accession no. X52917. 
Above the alignments the antiparallel hybridization of the MTC-specific PNA 
probe is shown, (b) Alignment of partial mycobacterium 16S rRNA sequences 
from the indicated species. The sequence of M. avium corresponds to positions 
1099 to 1138 of GenBank accession no. M61673. Above the alignments the 
antiparallel hybridization of the NTM-specific PNA probe is shown. 





Result with the following probe": 


Species 


MTC-specific 


NTM-specmc PNA 




riN/\ prooe 


probe 


M. tuberculosis 


Pos. 


Neg. 


M. bovis 


Pes. 


Neg. 


M. avium 


Neg. 


Pos. 


\A lntm/*p1hjlnrp 
iVl, ifliruL^iiuiufv 


Neg. 


Pos. 


M. scrofulaceum 


Neg. 


Pos. 


M. gordonae 


Neg. 


Pos. 


M. kansasii 


Neg. 


Pos. 


M. abscessus 


Neg. 


Pos. 


M. marinum 


(Neg.) 


Neg. 


M. simiae 


Neg. 


Pos. 


M. szulgai 


Neg. 


Pos. 


M. flavescens 


Neg. 


Neg. 


M. fortuitum 


Neg. 


Neg. 


M. xenopi 


Neg. 


Neg. 



° Pos., positive; Neg., negative. Parentheses indicate that very few bacteria with 
weak fluorescence were detected. 



weak cross-hybridization to M marinum. The cross-hybridiza- 
tion is seen as a faint fluorescence in a few percent of the cells. 
As shown in the alignment in Fig. 2, there is only a single 
mismatch between the 16S rRNA sequence of M marinum and 
the MTC-specific PNA probe. The NTM-specific PNA probe 
detected all mycobacterium species witii complementary 
rRNA sequences tested, e.g., M. intracellulare, M. avium, M. 
kansasii, M. scrofulaceum, M. gordonae, M. abscessus, M. 
simiae, and M. szulgai, but not M tuberculosis and M bovis or 
M. fortuitum, M. flavescens, M. marinum, and M. xenopi, all of 
which have more than one mismatch in their rRNAs compared 
to the sequence of the NTM-specific PNA probe. 

The specificities of the two probes were further examined by 
FISH with smears of clinical isolates representing a range of 
respiratory bacteria. FISH was performed as described in Ma- 



identified by biochemical analysis, including assays for arylsulfatase, nitrate re- 
duction, and iron uptake. 

RESULTS 

Published sequences of 16S rDNA from mycobacterium spe- 
cies were aligned in order to identify species-specific regions. 
An rDNA sequence distinctive for M tuberculosis and M. bovis, 
both members of MTC, as well as an rDNA sequence distinc- 
tive for the majorify of clinically relevant NTM species, were 
identified as described in Materials and Methods. Figures 2a 
and b show the alignments of sequences of representative 
species in the selected regions. 

The search with BLAST did not detect any other bacterial 
rDNA sequences with a 100% match to the sequence of the 
MTC-specific probe, but it revealed a 100% complementarify 
of the NTM-specific probe to the rDNAs of species ol Actino- 
myces and Rickettsia as well as some species with neither phy- 
logenetic nor clinical relevance, including Nitrospina gracilis 
and Shewanella alga. 

The specificities of the PNA probes were tested by FISH 
with reference strains selected as phylogenetic representatives 
of the Mycobacterium genus and to cover the clinically most 
relevant species. The results shown in Table i are in agreement 
with the sequence data presented in Fig. 2. As predicted, the 
MTC-specific PNA probe does not cross-hybridize to rRNA of 
any of the NTM species tested, the only exception being a very 



TABLE 2. Cross-reactivity of the MTC-specific PNA probe and the 
NTM-speciflc PNA probe to clinically relevant respiratory bacteria 
as determined by a BLAST search and FISH 

Result with the following probe by the 
indicated method": 



Organism 



MTC-specific 
PNA probe 



NTM-specific 
PNA probe 



BLAST 
search 



FISH 



BLAST 
search 



FISH 



Corynebacterium spp. 
Haemophilus influenzae 
fdebsielb pneumoniae 
Pseudomonas aeruginosa 
Propionibacterium acnes 
Streptococcus pneumoniae 
Staphylococcus aureus 
Branhamella catarrhalis 
Escherichia coli 
Neisseria spp. 

Acinetobacter calcoaceticus 
Enlerobacter spp. 
Pruieus inirabilis 
Xanthomonas maltophilia 
Nocardia asteroides 



NA 

NA 
NA 



NA 

NA 
NA 



' -, negative result; NA, sequence not available. 
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TABLE 3. &mparison of results of TB PNA FISH and results of 
test with A(;cuProbe in the Danish study with 30 AFB+ cultures 
from BACTEC 12B medium 



AccuProbe result 




No. of cultures with the following 
TB PNA FISH result: 


MTC 


NTM 


Not identified 


MTC 


16 


0 


y 


MAC 


0 


2 


0 


M. gordonae 


0 


7 


1" 


Not identified 


0 


r 


0 



" On subsequent Ziehl-Neelsen staining, the result was 
' On subsequent Ziehl-Neelsen staining, the result was 3+. 
" The organism was M. abscessus, which was identified as described in Mate- 
rials and Methods. 



terials and Methods, with the modification that a Zeiss Axio- 
scope fluorescence microscope equipped with a 50-W HBO 
lamp and a standard fluorescein isothiocyanate filter was used. 
In addition, both probes were tested in a concentration of 1 
p,M and without the addition of nonlabelled, nontarget PNA 
probe to the hybridization solution. As shown in Table 2, no 
cross-hybridization to any of the species was found. 

Finally, the diagnostic applicability of TB PNA FISH for 
differentiation between MTC and NTM species in smears of 
AFB+ cultures was evaluated with clinical samples in two sepa- 
rate studies in Denmark and Thailand. The two sites were chosen 
to cover geographic areas with different prevalences of TB. 

In the Danish study, results obtained with 30 AFB-I- 
BACTEC 12B cultures were compared with the results ob- 
tained by tests with AccuProbe (Table 3). Sixteen samples were 
identified as MTC and 10 samples were identified as NTM by 
TB PNA FISH (Table 3). All results were in agreement with 
the species identification results obtained by the reference 
methods. Four samples were negative with both PNA probes 
and thus were reported as not identified. Subsequent Ziehl- 
Neelsen staining of these smears revealed that smears of three 
of the four samples contained only sparse amounts of material. 
The reference methods showed that the 30 AFB+ BACTEC 
12B cultures were divided into 19 MTC cultures and 11 NTM 
cultures. The performance specifications for each of the two 
probes and for the TB PNA FISH test are presented in Table 4. 

In the Thai study, 30 samples were identified as MTC and 7 
samples were identified as NTM by TB PNA FISH, and all of 
these results were in agreement with those of the niacin strip 
test (Table 5). Five samples were double negative by TB PNA 
FISH and were reported as not identified. Subsequent Ziehl- 
Neelsen staining of smears of these samples showed that one 
sample did not contain mycobacteria in the smears. The re- 
maining four samples had plenty of AFB+ bacteria on the 
smears. They were negative by the AccuProbe MTC test and 
were subsequently identified as M fortuitum by biochemical 
tests. After resolution of these discrepant results, the 42 AFB-l- 



TABLE 5. Comparison of results of TB PNA FISH and tests with 
niacin strips from the Thai study with 42 AFB-I- cultures from 
Lowenstein-Jensen slants 



Niacin strip 
test result" 


MTB 


No. of cultures with the following 
TB PNA nSH result: 

NTM Not identified 


Pos. (TB) 
Neg. (not TB) 


30 
0 


0 1' 
7 4' 



° Pos., positive; Neg., negative. 

' On subsequent Ziehl-Neelsen staining, the result was 

" The organism was M. fortuitum according to biochemical analysis. 



Lowenstein-Jensen cultures could be divided into 31 MTC- 
positive cultures and 11 NTM-positive cultures, and the results 
were used for calculation of the performance specifications for 
each of the two PNA probes as well as for the combined TB 
PNA FISH test. The performance specifications are presented 
in Table 6. 

In summary, differentiation between MTC and NTM by TB 
PNA FISH was conducted with a predictive value of 100% for 
63 of 72 samples, all of which gave a conclusive test result, 
whereas the results obtained with the remaining 9 samples 
(12.5%) were inconclusive. 

DISCUSSION 

We have shown that the MTC- and NTM-specific PNA 
probes used in this study for FISH are well-suited for differ- 
entiation between MTC and NTM species in smears of AFB+ 
cultures. The use of probes that target rRNA makes direct 
detection of single cells possible without amplification. This 
new diagnostic method provides a positive predictive value of 
100%. 

The two PNA probes used in the study provide internal 
controls so that only a combination of a positive result with one 
probe and a negative result with the other probe leads to a 
definite test result. False-positive test results are thus unlikely 
to occur, because both probes should give false reactions (pne 
false negative and one false positive). In contrast, the majority 
of biochemical and molecular methods are "single-analyte" 
tests, which often require separate control samples and/or 
other methods to validate the test result. Usually, several in- 
dividual tests are performed (either in parallel or sequentially 
in order to reduce the cost) before the clinician is provided 
with the result. 

Besides the high degree of specificity offered by each of the 
PNA probes, the TB PNA FISH method has the advantages 
and~the simplicity associated with microscopy, in which the 
morphology of the mycobacteria is further displayed. The test 
may also be used with less advanced laboratory facilities, pro- 
vided that a fluorescence microscope and an incubator are 
available. Thus, this new test may allow clinical microbiology 



TABLE 4. Performance specifications for MTC-specific PNA probe, NTM-specific PNA probe, and TB PNA FISH from the Danish study 



Probe or test 


Diagnostic specificity 
(%) 


Diagnostic sensitivity 
(%) 


Inconclusive results 
(%) 


Positive predictive 
value (%) 


Negative predictive 
value (%) 


MTC-specific PNA probe 
NTM-specific PNA probe 
TB PNA FISH 


100 (U/ll)" 
100 (19/19) 


84 (16/19) 
91 (10/11) 
87 (26/30) 


16 (3/19) 
9(1/11) 
13 (4/30) 


100 (16/16) 
100 (10/10) 
100 (26/26) 


79 (11/14) 
95 (19/20) 

C 



° Values in parentheses are number of correct results/total number of cultures tested. 

' — , no negative samples were available for assessment of the diagnostic specificity of TB PNA FISH because all samples were mycobacterium positive. 
' — , TB PNA FISH results cannot be negative according to the definition (see interpretation of test results in Materials and Methods). 
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TABLE 6. Performance specifications for MTC-specific PNA probe, NTM-specific PNA probe, and TO PNA FISH from the Thai study 



Probe or test 



Diagnostic specificity 
(%) 



Diagnostic sensitivity 
(%) 



Inconclusive results 
(%) 



Positive predictive 
value (%) 



Negative predictive 
value (%) 



MTC-specific PNA probe 
NTM-specific PNA probe 
TB PNA FISH 



100 (11/11)° 
100 (31/31) 



97 (30/31) 
64 (7/11) 
88 (37/42) 



3 (1/31) 
36 (4/11) 
12 (5/42) 



100 (30/30) 
100 (7/7) 
100(37/37) 



92(11/12) 
89 (31/35) 



" Values in parentheses are number of correct rcsults/totiU number of cultures tested mycobacterium positive. 



laboratories in developing countries to benefit from the advan- 
tages of molecular technologies for the swift differentiation 
between MTC and NTM. The very weak cross-hybridization 
with M. marinum is not expected to cause any diagnostic prob- 
lems because (i) the very low fluorescence intensity and small 
number of bacteria detected with the MTC-specific PNA probe 
are not likely to be interpreted as positive reactions, (u) M 
marinum does not grow optimally at 37°C, and (iii) M. mari- 
num is a skin pathogen, not a respiratory pathogen. 

In both studies reported here, a small proportion of double- 
negative results, i.e., negative with both the MTC-specific and 
the NTM-specific PNA probes, was found. This may happen in 
cases in which smears contain only a small amount of material, 
as was seen for approximately 10% of the samples, or may be 
due to a less than 100% sensitivity, e.g., as in the case of one 
isolate of M. gordonae, which was not identified with the NTM- 
specific PNA probe in the Danish study. False-negative resuhs 
will also occur for a few NTM species, e.g., M. xenopi, M. 
fortuitum, and M flavescens, which are not identified with the 
NTM-specific PNA probe, as seen in the Thai study. Lack of 
hybridization to M. fortuitum may pose a problem in regions 
where this species is common. It is, however, important to 
stress that double-negative reactions will be reported as the 
inconclusive test result "not identified" and will indicate that 
further analyses by other methods are required. 

Double-positive reactions are also inconclusive and are re- 
ported accordingly. However, double-positive reactions may be 
caused by mixed cultures. Confirmatory testing is then re- 
quired, but microscopic examination of the TB PNA FISH 
result may be indicative of mked cultures on the basis of 
differences in the morphologies of the mycobacteria detected 
with the MTC-specific probe and the NTM-specific probe. 
Background artifacts are seen only rarely and can be easily 
distinguished from true-positive signals on the basis of differ- 
ences in structure. . 

The only DNA probe-based test for the identification of 
MTC which is commercially available is the AccuProbe Myco- 
bacterium tuberculosis complex culture identification test. Both 
the TB PNA FISH test and the AccuProbe test have very high 
specificities. The prime advantages of the TB PNA FISH test 
are as follows, (i) Standard equipment available in most my- 
cobacteriological laboratories is used. There is no need for 
specialized equipment such as a sonicator and a luminometer, 
which are required for the AccuProbe test. The only special 
requirement for the TB PNA FISH test is the dual-band filter 
on the fluorescence microscope, (ii) The combined use of the 
MTC-specific and the NTM-specific probes within one TB 
PNA FISH test gives a result regarding not only the MTC 
infection status but also the NTM infection status, (iii) The 
combined use of the MTC-specific and the NTM-specific 
probes provides internal controls lor the prubcs, thus reducing 
the need for the inclusion of positive and negative controls in 
parallel in each run. (iv) The combined use of the two probes 
further ensures a very high positive predictive value of the TB 



PNA FISH assay, (v) Double infections with MTC and NTM 
species will be identified as double-positive results by the TB 
PNA FISH test. This is not assessed by single AccuProbe tests, 
(vi) The microscopic analysis of the TB PNA FISH test permits 
the use of morphology as an additional identification tool. This 
may support each individual analysis and is primarily of im- 
portance as an aid in the presumptive identification of NTM- 
positive reactions as well as in the case of analyses of double- 
positive results, (vii) The TB PNA FISH test is very simple to 
perform. 

The prime disadvantage of the TB PNA FISH test, except 
for the need for a dual-band filter on the fluorescence micro- 
scope, is that the test may give rise to a few percent samples 
with double-negative results because the NTM probe does not 
hybridize to aU NTM species. The actual percentage will de- 
pend on the region of the world from where the samples were 

derived. . 

A palette of PNA probes that target distinctive mycobacte- 
rium species in order to provide a system for subsequent iden- 
tification of NTM species may supplement the test described 
here. Furthermore, PNA probes that target different species 
may be labelled with different fluorescent dyes, allowing dif- 
ferentiation by dual fluorescence on a single smear. The test 
is being optimized for differentiation between MTC and 
NTM directly with AFB-I- sputum smears for the rapid di- 
agnosis of TB. . , , 

In conclusion, the hew molecular method for the laboratory 
diagnosis of TB is easily adaptable to current microscopic 
techniques routinely used in the majority of clinical microbi- 
ology laboratories, initially as an AFB+ culture identification 
method and, in the future, most likely as an AFB+ sputum 
identification method. FISH with specific PNA probes may 
thus, in future, become an invaluable method for the diagnosis 
ofTB. 
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